To improve the biocompatibility of Ti-based metal implants, a hydroxyapatite (HA) coating layer was formed on the surface by electron-beam deposition. The dissolution rate of the coating layer was strongly dependent on the layer's calcium/ phosphorus (Ca/P) ratio. Layers with a Ca/P ratio close to that of crystalline HA (Ca/P ‫؍‬ 1.67) showed good stability in a physiologic saline solution. When the layer was crystallized by heat treatment in air at temperatures between 400°and 500°C, the stability was enhanced further while maintaining good interfacial bonding strength with the substrate. Preliminary in vivo tests on rabbits indicated that heat treatment and the resultant enhancement in stability are beneficial for bone attachment to the implants.
I. Introduction
T O IMPROVE the bioactivity of various metal implants, hydroxyapatite (HA; Ca 10 (PO 4 ) 6 (OH) 2 ) or other calcium phosphates are often used as coatings. 1 Because of their chemical and crystallographic similarities to the inorganic components of human bones, HA or calcium phosphate layers promote the direct bonding or the earlier stabilization of implants with the surrounding bones or tissues. 2 For actual applications, in addition to bioactivity, the coating layer should possess a high bonding strength with the metal substrate and a low dissolution rate in a body fluid environment. [1] [2] [3] Various techniques have been used to deposit HA or other calcium phosphate layers on metal implants. [3] [4] [5] [6] [7] Regardless of the coating methodology used, amorphous layers with unacceptably high dissolution rates are generally formed on metal substrates. Therefore, the coatings are thermally crystallized at elevated temperatures. During these thermal treatments, many cracks are formed due to a thermal expansion mismatch between the coating and the metal substrate, which severely reduces the bonding strength of the coating layer with the substrate. 8 -11 In this study, thin calcium phosphate surface coatings were deposited on Ti-based alloys by electron-beam deposition. The Ca/P ratio of the layer was controlled by adding extra CaO to the HA targets. 6 Effects of the Ca/P ratio on the coating layer's dissolution rate and crystallization behavior on heat treatment were monitored. The relationship between the heat treatment conditions and the bonding strength of the layer was also investigated and related to the crystallization behavior. Screw-shaped Ti alloy implants were coated and heat-treated for preliminary in vivo tests. The implants were placed in the proximal tibial metaphysis of rabbits for 6 weeks, and the bioactivity of the coating layer was evaluated by measuring the removal torque of the implants.
II. Experimental Procedure
Thin HA coating layers were electron-beam deposited on a commercial-purity Ti substrate (Supra Alloys, Inc., Camarillo, CA). Two types of specimens were prepared: flat disks for physical and in vitro analyses and screws for in vivo tests. Disks with a diameter of 25 mm and a thickness of 2 mm were ground and polished with diamond pastes down to 1 m. Screws with a length of 4.0 mm, an outer diameter of 3.75 mm, and a pitch height of 0.5 mm were prepared.
After the chamber was evacuated down to 10 Ϫ7 torr, an electron beam (Telemark, Fremont, CA) of 8.5 kV and ϳ0.1 A was directed onto the source target. Targets were made using a commercially available HA powder (Alfa Aesar Co., Ward Hill, MA). Up to 30 wt% of CaO powder (Cerac Co., Milwaukee, WI) was added to the HA, and the mixtures were sintered in air at 1200°C for 2 h. Composition, thickness, and bond strength of the deposited layers were analyzed using techniques reported previously. 6 The deposited coating layer was heat-treated in air at temperatures between 300°and 600°C for 1 h. Two different procedures were used to measure the dissolution rate of the layer in a physiologic saline solution. Before the heat treatments, the dissolution rate was measured using a surface profiler. 6 After the heat treatments, the dissolution rate was measured by monitoring the concentrations of the solution in which the specimen was immersed.
Eleven female New Zealand white rabbits were used for the in vivo tests. All animals were between 9 and 10 months old. After general anesthesia, four implants were placed in each rabbit, two in each proximal tibial metaphysis. The holes for the implantation were drilled with a low-speed rotary instrument with profuse saline irrigation. The diameters of the drills were successively increased, and the insertion sites were finalized with a 3.75 mm tap without countersinking. After a healing period of 6 weeks, the rabbits were sacrificed and the bond strength between the bone and the implant was measured with a torque measurement device (Shinsung Co., Seoul, Korea).
III. Results and Discussion
All of the coating layers formed on the surface of the Ti substrate were in an amorphous state. estimated by EDS was different from that of targets. The EDS was calibrated using standard specimens of known composition. When pure HA was used as a target, the Ca/P ratio of the layer was much lower than the stoichiometric HA (Ca/P ϭ 1.67). The Ca/P ratio of the deposited layer was increased by adding extra CaO to the HA. 6 When 17.5% of CaO was added to the HA, the target had a Ca/P ratio of 2.4 and the resultant coating layer had 1.62, which is very close to that of stoichiometric HA. The Ca/P ratio of the coating layer is known to vary widely depending on the deposition procedures. 5, [12] [13] [14] The dissolution rate of the coating layer in the physiologic saline solution decreased with increasing Ca/P ratio until it reached the value for stoichiometric HA. However, when the Ca/P ratio exceeded 1.67, the dissolution rate increased again. 6 It still remains unclear which level is the optimum dissolution rate for such coatings in a biological environment. 15 Therefore, in the present experiment, coating layers with very low dissolution rate were prepared by heat treatment in air and tested in vivo. The dissolution rate of the coating layer was further reduced by heat treatment in air. XRD patterns of the layers (Ca/P ϭ 1.62) after treatments at various temperatures are shown in Fig. 1 . Up to 300°C, the coating layer remained amorphous, as shown in Fig. 1(A) , but at 400°C, the layer was partially crystallized into HA. This crystallization occurred more extensively as the temperature was increased to 500°C and finally to 600°C. Layers with different Ca/P ratios were also crystallized into HA; however, the crystallization temperature required was much higher than that required for the stoichiometric HA composition. Figure 2 shows the crystallization temperature of the layers with different Ca/P ratios to achieve similar degree of crystallization as the stoichiometric HA layer at 500°C.
The crystallization of the coating layers by heat treatment has been known for a long time. 4 At the same time, it is also well known that the interfacial bonding strength between the coating layer and the substrate decreases by such treatment. 8 -11 When the treatment temperature was too high, thermal stress developed on the layer because of the difference in the thermal expansion coefficients (CTE; ␣ HA ϭ 16 ϫ 10 Ϫ6 /°C, ␣ Ti ϭ 10 ϫ 10 Ϫ6 /°C) causing a cracking and/or delamination of the layers. However, in this experiment, up to 500°C, the bonding strength remained almost unchanged, as shown in Fig. 3 .
The dissolution rate of the coating layers after heat treatment was estimated by monitoring the concentration changes of the saline solution in which the specimens were immersed. The surface profiler could not be used because of the increased surface roughness. Figure 4 shows the dissolution rates of the crystallized layers compared with that of as-deposited specimens. When the layer was crystallized by heat treatment at 450°C, the dissolution rate was reduced, as shown in Fig. 4 , and was further reduced by increasing the heat treatment temperature to 500°C. Therefore, heat treatment at temperatures between 400°and 500°C is suitable to crystallize the coating layers without decreasing the bonding strength.
The effect of crystallization and the resultant improvement in the dissolution behavior on biological performance was estimated by in vivo tests on rabbits. Screw-shaped Ti implants were blasted with 75 m Al 2 O 3 particles at a pressure of 5 kgf/cm 2 . The implants were subsequently coated with HA (Ca/P ϭ 1.62) and heat-treated for 1 h at 500°C in air for the crystallization. Four implants were placed in each of seven rabbits: two heat-treated ones on the right proximal tibial metaphysis and two implants without heat treatment on the left. Out of 28 implants, except for two heat-treated specimens and one without heat treatment, all were successfully osseointegrated. The removal torques of the implants after 6 weeks of healing are itemized in Table I . The average removal torque of the heat-treated implants was significantly higher than that of the untreated controls. Greater removal force is generally interpreted as an increase in the bone healing around the implants and an improved osseointegration. The heat-treated coating layers permitted the bone tissue to grow onto implant surfaces, while the layers without the treatment were apparently dissolved too quickly for the new bone tissue to extend onto the substrate surface. For the purpose of comparison, the removal torque of the implants without the HA coating were similarly tested in four rabbits. The removal torque required for implants without a coating lay between that of the heat-treated and untreated specimens with the HA coating. These results suggest that the biocompatibility of the metal implants is controllable and may be enhanced further by adjusting the dissolution rate of the coating layers.
IV. Summary
The bioactivity of metal implants was enhanced by coating with HA. The dissolution rate of the HA coating layer in physiologic saline solution is an important factor for biological performance. The dissolution rate of the layer was controlled by changing the Ca/P ratio and by crystallization through heat treatment in air. When the Ca/P ratio of the coating layer was much different from the stoichiometric HA value (Ca/P ϭ 1.67), high crystallization temperatures were necessary (Ն550°C), and that led to cracking and delamination of the layers. When the Ca/P ratio of the layer was 1.62, complete crystallization commenced at 450°C without any cracking or delamination. Preliminary in vivo tests indicate that heat treatment and the resultant reduction in dissolution rate are beneficial to bone attachment to implants. 
